Abstract Computational atrial models aid the understanding of pathological mechanisms and therapeutic measures in basic research. The use of biophysical models in a clinical environment requires methods to personalize the anatomy and electrophysiology (EP). Strategies for the automation of model generation and for evaluation are needed. In this manuscript, the current efforts of clinical atrial modeling in the euHeart project are summarized within the context of recent publications in this field. Model-based segmentation methods allow for the automatic generation of ready-to-simulate patient-specific anatomical models. EP models can be adapted to patient groups based on a-priori knowledge and to the individual without significant further data acquisition. ECG and intracardiac data build the basis for excitation personalization. Information from late enhancement (LE) MRI can be used to evaluate the success of radio-frequency ablation (RFA) procedures and interactive virtual atria pave the way for RFA planning. Atrial modeling is currently in a transition from the sole use in basic research to future clinical applications. The proposed methods build the framework for model-based diagnosis and therapy evaluation and planning. Complex models allow to understand biophysical mechanisms and enable the development of simplified models for clinical applications.
Introduction
One of the goals of the euHeart project is the development of techniques for the model-based evaluation and optimization of radio-frequency ablation (RFA) for patients suffering from atrial fibrillation (AF). AF is more and more recognized as a major cost factor in health economics. The prevalence of developing AF increases with age and current therapeutic options cover pharmaceutical therapies as well as curative catheter interventions. In order to gain benefits from model-based therapy planning, it is indispensable to adjust the model to the individual patient. The personalization process always covers the anatomy and electrophysiology in parallel ( Fig. 1 ), as these are strongly interlinked [27] .
The understanding of the mechanisms of AF and the effects of anti-arrhythmic drugs requires very detailed models, whereas the use of models in a clinical environment and model personalization require a minimal number of free model parameters and fast computation. Over the past decade, a number of detailed but yet generalized models of atrial electrophysiology have been developed. They provide insights into cellular mechanisms of specific diseases and can be adapted to a specific disease or therapy form. After understanding the complex mechanisms on the cellular level, essential effects can be identified and extracted and simpler and thus faster models can be trained to reflect these behaviors on a more macroscopic level enabling a potential clinical use. The fast models also open the possibility for high-throughput simulations for optimization purposes.
In this manuscript, the euHeart efforts using atrial models to aid basic science, clinical science and clinical practice will be reviewed and summarized. For some parts additionally practical examples of the modeling processes will be given. A comprehensive review about atrial electrophysiology was assembled by Schotten et al. [61] , atrial anatomy is reviewed by Ho et al. [27] and the clinical perspective on AF and RFA is described elsewhere [10, 21] . An introduction into electrophysiological cardiac modeling can be found in [67] and atrial modeling is summarized in [17, 31] .
Creating personalized anatomical models
Atrial modeling in the past decade mainly built on very detailed solitary geometrical models which were used as input for basic science. They were usually created manually in a time-consuming process. To enable clinical applications of atrial models, it is necessary to create automatized methods for the model generation and validation. A possible workflow for this was proposed in [16] and [8] . It merges information from MRI/CT, LE-MRI, body surface ECG, catheter signals and intracardiac electrograms. It is thereby possible to create personalized anatomical and electrophysiological models from a-priori knowledge (cellular model, fiber architecture), noninvasive data (MRI, ECG) and time-variant invasive data (intracardiac electrograms).
To realize the aforementioned workflow for the application in the clinical practice, a variety of prerequisites for data acquisition, processing and model building are given. The most important step towards this is the automatic segmentation of clinical image data. Furthermore data from different data acquisition modalities need to be registered. This comprises not only the registration of images from different imaging techniques (MRI, LE-MRI, CT, X-ray) and time instances (pre-therapy, during the intervention, follow-up), but also the registration of ECG electrodes to a 3D thorax model created from MRI [36] as well as the localization of intracardiac catheters in the atrial geometry. Additionally, acquisition of ECG signals and, e.g. intracardiac electrograms need to be synchronized to enable the validation of multi-scale model predictions.
Automatic segmentation
Model-based segmentation approaches enable automatic segmentation of the atrial endocardium [18, 47, 75] . The mean models can be augmented later on with functional information from other imaging modalities, e.g. LE-MRI. Thereby, isolating scars can be imaged, e.g. during therapy follow-up [34] . But regions of fibrosis can also be identified prior to an intervention [1] . We showed that such information can be transferred into patient-specific atrial models for the evaluation of the success of an RFA intervention [69] and to plan RFA redo-procedures. An example Fig. 1 Personalization of atrial models splits into the personalization of the electrophysiology, excitation propagation and anatomy. The personalization process can be separated into different steps, from choosing a best matching general model to the regional adaptation of tissue properties. PV pulmonary veins, CV conduction velocity, EP electrophysiology for such an approach is given in Fig. 6 and described in more detail in Sect. 5. 2 The drainage pattern of the pulmonary veins (PV) into the left atrium (LA) shows significant inter-individual variance [46] . Usual model-based segmentation methods use mean models with the standard PV pattern of two left and two right PV ostia [18, 47] . This requires a manual evaluation of the segmentation result by an expert afterwards with additional manual segmentation efforts. Combination of the model-based segmentation of the LA with a direction region growing in the regions of the left and right PV ostia yields an option to automatically and reliably segment any kind of venous drainage pattern [26, 75] .
Although the atrial myocardium is significantly thinner than the ventricles [53] , it is necessary to use volumetric models for the simulation of atrial excitation. For one, the LA consists of two overlaying layers of myofibers [27] which cannot be accounted for in a surface model. For another, to model ablation lesions and otherwise pathological atrial regions correctly, it is necessary to distinguish between transmural and non-transmural lesions. MR and CT imaging can reveal the regionally varying atrial wall thickness [49, 60] which can be used in automatic segmentation approaches [49] . Alternatively, atrial wall thickness can be included into the models based on anatomical knowledge if such image data are not available for the specific patient [36, 37] . Knowledge-based wall thickness can be adapted to certain patient groups, as e.g. AF patients have thinner atrial walls [53] .
Fiber orientation
The atrial excitation sequence is characterized by a fast spread of excitation along specialized myocardial bundles in the atria. Orientation of atrial myocytes also plays a major role in pathological changes of atrial electrophysiology, such as fibrosis. It is therefore necessary to include information about the atrial myofiber orientation into patient-specific simulations. As myofibers are invisible in commonly used clinical imaging techniques, this requires knowledge about the general fiber architecture.
Various groups have manually enhanced solitary atrial geometries with fiber orientation. Our group presented an automatized procedure to augment atrial models with rulebased fiber architecture [37] . Using a set of landmarks (Fig. 2a) , either set manually or integrated into mean models in model-based segmentation techniques, the fast marching level set shortest path method can be used to generate a skeleton (Fig. 2b) for the interpolation of fiber orientation in the regions margined by the shortest paths [37] (Fig. 3) . Dilation of specific paths create the set of fast conducting bundles [37, 40] (Fig. 2c) . Fiber orientations generated by this method may show artifacts in regions with strong curvatures or near to the endo-and epicardial surfaces. To minimize such artifacts, myocardial sheets, similar to those present in the ventricles, that are parallel to the surface of the atrial wall surfaces are defined and fiber orientations are projected into these. The method described in [37] can be extended to introduce a 0.66-mm-thick electrically isolating septal layer, to create four additional interatrial bridges [54] and to electrically isolate Bachmann's bundle from the LA myocardium in about one-fifth of its extent in the LA. This enables a more realistic simulation of right-to-left atrial activation and opens up the possibility to personalize the interatrial conduction.
Creating personalized eletrophysiological models
Atrial electrophysiology can be personalized in a two-step process. In the past, electrophysiological models of healthy atrial myocardium, e.g. [11, 23, 35, 45, 50] were adjusted to reflect various pathological states. The most prominent of these being electrical remodeling due to persistent AF [31, 65] , but also side effects of common therapies on the cardiac muscle have been investigated [39] . These different sets of parameters can now be used to adapt the general models to the specific patient by choosing the set of parameters which best fits the patient's pathology or therapy (patient group specificity). In a next step, the model can be adjusted to the individual, e.g. by adjusting the extracellular ion concentrations in the model to the blood electrolyte concentrations measured regularly during clinical therapies [39] . If a patient has a known genetic mutation affecting the myocardial electrophysiology, the cardiac model could be tuned similarly, if a suitable model representation is pre-existing (e.g. [64] ).
In the future, parameters for more specific patient groups, e.g. paroxysmal, persistent, chronic AF, may be derived using the detailed models and introduced into fast models for clinical applications [72] . Additionally, heterogeneities in atrial electrophysiology [3, 58, 66] may play an increased role in the development of clinical models of atrial electrophysiology as they may promote or inhibit arrhythmic triggers and substrate.
Creating personalized excitation models
Comparable to the cellular models, models of atrial excitation conduction can be adapted to the specific individual in a two-step process. In a first approach, the global conduction velocity can be estimated from the P-wave duration in Einthoven lead II and the geometry of the atria [38] . In a next step, local conduction velocity [73] and its restitution [71] can be estimated from simple intracardiac measurements. With this method, it was possible to personalize the conduction velocity locally in atrial models and to precisely reproduce intracardiac measurements [8] .
Additional information, such as the shift of first LA activation or lines of conduction block, can be estimated from local activation time maps, which can easily be produced using 3D electroanatomical mapping systems [38] . This information will in the future provide further possibilities to adjust the computational models or to validate the simulation outcome.
Right-to-left atrial conduction is determined by discrete muscular bridges, which vary in the population [54] . Most commonly, the LA is activated over Bachmann's bundle, the most prominent interatrial bundle. Nevertheless, in parts of the population the LA is activated over bridges near the fossa ovalis or the musculature of the coronary sinus [28] . These distinct bridges were included into the fiber placement algorithm described in [37] . Figure 2c shows the location of Bachmann's bundle and the bridges near the coronary sinus. Personalization of these bridges can be done by simulating different combinations of septal breakthrough and selecting the septal breakthrough with best match to measurements such as local activation time maps from the LA or body surface ECG from the patient. In the future, it might also become feasible to analyze the body surface potentials prior to the simulations [28].
Non-invasive reconstruction of local activation time
Future personalization procedures may profit from noninvasive ECG imaging techniques that provide 3D distributions of electrophysiological properties. To illustrate this potential, the excitation spread in the atria was reconstructed from a simulated body surface potential map (BSPM) (Fig. 4 ). In combination with the respective personalized thorax model, ECG imaging is capable of identifying the activation times of myocardial cells and can be used to characterize excitation patterns. In the illustration, the method of critical times [29, 63] is used to produce an initial estimate of the activation times. An iterative solver by Fischer et al. [19] is then applied to find convergence for a cost term that penalizes both a solution that does not comply with the given BSPM and also a solution with nonsmooth activation sequence. Activation times in the atria are reconstructed from a simulation with the intra-atrial conduction going through Bachmann's bundle. As the septum is isolating and not conducting, smoothness of activation times is enforced only locally in the respective atria, but not for the septal tissue that links them. Results show the correspondence of the reconstruction with the original simulation in both the RA, where the sinus node can be seen to be the excitation origin [62] , and the LA, where the conduction spread is induced from the septum in proximity to the right PVs, which corresponds to the coupling point of Bachmann's bundle. Body surface potential mapping using multi-lead ECG systems has also shown the potential to characterize and diagnose AF patterns on the thorax surface without the need of anatomical scans [24] . In combination with anatomical models, non-invasive imaging of cardiac electrical sources based on BSPMs has also been used to identify pacing sites, reentry pathways and fibrillatory processes on the atrial surface [12, 48] . This highlights the potential of such techniques for the AF diagnosis and model personalization. Fusion of non-invasive imaging and cardiac modeling might in the future provide in-depth insights into micro-and macroscopic arrhythmia mechanisms.
Simplified models
The atrial excitation conduction can be computed using the monodomain or bidomain equations yielding a reactiondiffusion system. However, these methods are computationally expensive. Simplified methods, e.g. cellular automata or Eikonal approaches [30], enable real-time simulations [68] . To visualize physiological solitary wavefront depolarization sequences, such as sinus rhythm or non-rapid pacing, it is also feasible to use fast marching level set techniques [13, 38] . This technique reduces the simulation to the generation of local activation time maps and thus provides simple and fast results which may aid the understanding of electrophysiological processes in the patient's atria. Compared with Eikonal approaches which aim at real-time simulations, fast marching approaches are useful for high-throughput simulations in model-based therapy planning [38] .
Modeling of radio-frequency ablation
Modeling of RFA can be split into three different tasks: 1) models of lesion formation, 2) models of (incomplete) ablation lesions on a more microscopic scale and 3) models of standard RFA lesion patterns in 3D patient-specific atrial models. Electrophysiological modeling thereby concentrates on the latter two points, as modeling of the lesion formation is mostly a task of thermodynamical modeling [7] . In the next sections we provide examples of modelbased RFA planning and RFA evaluation.
5. [56] in geometric models using the same shortest-path techniques as in the fiber algorithm [37] . Generic ablation lesion patterns (lesion width 5 mm [76] ) were set automatically into the LA (Fig. 5) . Figure 5a provides the schema of the connections between the landmarks and the RFA patterns in a patient-specific model. Figure 5b -g provides examples of simulated sinus rhythm using the fast-marching approach. Circumferential lesions around the PVs isolated the PVs from the LA myocardium, but do not significantly alter the excitation sequence (Fig. 5d, e) . Linear lesions between the left and right PVs (roof line or posterior line) redirected the activation of the LA free wall (Fig. 5c, f, g ). Thereby, a large portion of the left atrial wall was activated from the lower posterior direction instead of the superior anterior region. This may have consequences on the atrial repolarization sequence, as the action potential duration might decrease along the healthy sequence of depolarization [58] . Two roof lines (Fig. 5g, h ) isolated a large portion of the LA from the sinus activation. Mitral annulus lines can not only prevent reentrant tachycardias [10], but may also isolate further regions of the LA from regular activation (Fig. 5j) . Patterns which isolate larger portions of the LA from sinus activity (e.g Fig. 5j ) lead to a stronger decrease of the active contraction of the LA. This might reduce left ventricular filling and thus cardiac output. A further important output and atrial contraction, which additionally reduces the risk of clot formation and thus strokes. This technique may in the future allow for the optimization of ablation patterns for the individual patient prior to the RFA procedure in terms of both curing AF and maintaining best possible cardiac output.
Evaluation of RFA therapy
Ablation lesions and otherwise pathological regions of the myocardium have altered contrast-agent wash-out characteristics which can be imaged with LE-MRI. Such information was used to evaluate the outcome of an RFA procedure [69] . Thereby, the intensity in the LE-MRI in the approximate atrial wall was projected on a LA endocardial surface model (Fig. 6a) [34]. Thresholding and back projection into the volumetric LA model enabled electrophysiological simulation with the patient's RFA lesions (Fig. 6b) . Thereby, the electrophysiological simulations revealed small gaps in the lesions, which may reconnect, e.g. PVs to the LA myocardium (Fig. 6b) [38]. Virtual ablations in the computer model help planning of redoprocedures by localizing and testing the best place for additional lesions and thus for closing potential gaps (Fig. 6c ). Techniques such as those presented may in the future allow for the model-based evaluation of the acute and long-term success of RFA procedures and may also be useful in the planning of redo-procedures.
Discussion
In this study, results from various atrial model personalization projects were summarized and new approaches for the personalization were presented. New approaches were the personalization of electrophysiological models, the personalization of the excitation sequence from non-invasive mapping and the semi-automatic creation of generic ablation lesion patterns on patient-specific geometries. Furthermore, a scheme was presented how atrial model personalization could be broken down into three main areas of modeling and various levels of detail.
Computational atrial modeling contributes significantly to basic and clinical research [17, 31] . Within euHeart, efforts concentrate on bridging the gap towards the application of atrial models in clinical practice. This transition requires methods for the personalization of atrial models. Before automatic signal processing and image segmentation techniques were available, model generation and verification were time-consuming tasks, not allowing for clinical applications. Enhancement of anatomical models with a-priori knowledge such as fiber orientation led to more realistic simulated atrial excitation sequences [37, 38] . In a next step, the existing semi-automatic modeling pipeline will be further automated to minimize the user interaction during the creation of simulation-ready models. The excitation sequence can be further individualized from intracardiac conduction velocity measurements. In the future, invasive measurements might be replaced by the processing of non-invasive ECG or BSPM data.
Besides the development of personalization methods, complex atrial models are also used to understand cellular mechanisms leading to AF, such as genetic mutations and accompanying diseases. Thereby data from various sources and multiple modeling scales are fused to link microscopic effects to macroscopic observations [33, 39] . Other groups have shown similar approaches [3, 43, 51 ], but could not verify the simulation results with measurements from the same individual [32, 51] . The cooperation between industrial, clinical and academic partners within euHeart enabled the collection, processing and use of multi-scale patient data to create personalized multi-scale models [36, 38] . The complex electrophysiological models can be personalized to certain patient groups as well as to the individual patient. The models can then be simplified to allow an easy parameterization in a clinical environment.
RF ablation commonly targets the PVs first. Later on, regions with CFAEs may be ablated as well. Other approaches try to target regions with high dominant frequency [41, 59] . Multi-scale atrial models have the potential to provide insights into the success of these RFA strategies and could further increase the longterm success rates by clarifying the cellular and tissue mechanisms underlying these strategies.
Fusion of geometric models with information about pathological regions from LE-MRI showed promising first results for a model-based evaluation of RFA therapies. These might also be planned in the future by analyzing ablation patterns on their impact on the termination of the arrhythmia and by considering cardiac output. In the future, atrial models could be further augmented by including information about pathological electrical activity in the atria (CFAEs) [16] . From LE-MRI, information about fibrotic tissue [1] could be retrieved and fed into the model for diagnostic and therapy planning purposes. Bi-atrial models will thereby probably be restricted to aid the understanding of macroscopic effects in the atria, rather than predict the actual ablation sequence or strategy itself. The latter is highly variable and changes during the intervention if the arrhythmogenic patterns change. Nevertheless, our results indicate that models can help to understand and plan, e.g. redo-procedures. One of the advantages of a model over purely image-based techniques is the visualization and therefore better comprehension of electrical activation patterns.
Microscopic atrial models have already helped to understand the genesis of CFAEs through electrotonic coupling of fibroblasts and myocytes [2, 44] , clarified the fractionation of EGMs through rotor movement and other tissue heterogeneities [6, 77] and explored the role of adenosine in the regional changes of dominant frequency during AF [5] . The next task could now be to extract the main mechanisms, simplify their mathematical description and transfer these onto a macroscopic scale. In conjunction with regional structural information in the patients atria, this could provide a model-based tool for the personalized diagnosis and understanding of patient-dependent AF mechanisms in the future.
Models of cardiac electrophysiology can only represent the behavior of an average cardiac cell. Some regional variations in the atrial electrophysiology have been implemented into models [3, 66, 70] and were shown to play a role in atrial arrhythmias [58] , although microscopic heterogeneities and mixture of different cell types might also contribute to the initiation and perpetuation of AF [2, 44] . Adaptation of an electrophysiological model to a specific patient will in most cases be limited to the choice of a best-fitting pre-existing model, representing a specific cardiac disease or other pathology, as individual measurements on cardiac cells will not be feasible. In the clinical practice such approach would take the clinicians diagnosis of the patient into account to perform a patientgroup specific model personalization. This approach has the advantage to use established pathological models for a fast personalization at the cost of personalization detail.
Atrial models were recently also used as a rapid-prototyping environment to develop powerful techniques to extract clinically relevant information from intracardiac measurements [57, 73, 74] . A controlled simulation environment helps to understand intracardiac signals [55] . Besides applications in basic and clinical research, this might become another future area of use of validated atrial models.
Dissemination of geometrical and electrophysiological models to a greater public is necessary to allow for faster generation of new techniques. Models of the atrial electrophysiology are accessible via cellML (http://www. cellml.org) [42] and anatomical models via the Anatomical Model Data Base (AMDB) [22] . Image processing and model generation can be included into free software, such as GIMIAS (http://www.gimias.org) to enable the processing of new image data. This can be collected in new clinical trials or from the Cardiac Atlas Project [20] .
The presented approaches were still limited in some aspects. For the non-invasive reconstruction of activation times, a coarse geometry of the heart had to be used (Fig. 3) , as the problem otherwise becomes computationally not manageable. Human organ conductivities are not precisely determined [33] and will also vary between patients. This introduces uncertainty into the forward calculation of the ECG and the inverse solution. Age, gender and other interindividual differences in fiber orientation and other excitation altering influences were not incorporated into the personalization process yet.
Personalized modeling of the atrial anatomy and electrophysiology is still in an early stage of research. Nevertheless, promising results were already achieved in the personalization of the anatomy and excitation sequence. The planing and evaluation of RFA therapy can be a good initial target to test the practical use of such models in the clinic. 
